INTRODUCTION
The pattern of breathing in the sleeping new-born infant changes with alteration in sleep state: during sleep accompanied by rapid eye movements (r.e.m.), respiratory rate (f) is higher and more irregular than during quiet sleep when eye movements are absent (n.r.e.m. sleep) (Prechtl & Beintema, 1964) . In addition, both tidal volume (VT) and pulmonary ventilation (V) are more irregular during r.e.m. sleep, VT tending to decrease and fto increase in this sleep state (Bolton & Herman, 1974; Hathorn, 1974) .
In both sleep states, there is in most infants a serial dependence in time between the durations (T) of successive respiratory cycles; this suggests the presence of periodic changes in respiratory frequency in the new-born infant (Hathorn, 1974) . Goodman (1964) applied spectral (frequency) analysis to records of ventilation, averaged over 10 see intervals, in young adult males obtained over periods of up to 5 hr. He found evidence of a number of discrete sustained oscillations in ventilation with periods ranging from 1 min to over 2 hr. Most studies of periodic changes in ventilation, however, have used the duration of the respiratory cycle as the unit of time. Priban (1963) found small recurring changes in the rate and depth of breathing in adults every 3-4 breaths. Lenfant (1967) described periodic changes in pulmonary gas exchange in resting adults; the fastest frequency found had a period of 2-6 breaths. Dejours, Puccinelli, Armand & Dicharry (1966) , in a breath-to-breath 86 M. K. S. HATHORN analysis of gas exchange in four adults, found that VT and f were both continuously varying around mean values.
It thus seemed desirable to analyse ventilation in the new-born infant to detect possible periodicities in VT and f. In the preliminary stages of the present study, frequency analysis was performed on a breath-to-breath basis, using T as the unit of time, and periodic changes in VT and f were indeed present. This approach was however not pursued for the following reasons: (a) (Hathorn, 1973 (Hathorn, , 1975 . In this paper these techniques are described in full and applied to a comparison of patterns of breathing in r.e.m. and n.r.e.m. sleep and during periodic breathing.
METHODS
Measurement of ventilation in infants. Healthy term infants were studied with their mothers' informed consent and in many instances with the mother present, during the first week after delivery. Records of ventilation were obtained using the trunk plethysmograph (Cross, 1949) as previously described (Hathorn, 1974 Of the twenty infants previously reported (Hathorn, 1974) , eighteen had steady-state records lasting more than 2 min during both r.e.m. and n.r.e.m. sleep; these infants are included in the present study. A further twelve babies fulfilling the same criteria have been added, making a total of twelve males and eighteen females (Table 1) .
The amplitude and duration of each breath were measured and from these were calculated VT,T and f (instantaneous respiration rate) for successive respiratory cycles during steady-state episodes of r.e.m. and n.r.e.m. sleep; these methods have been fully described (Hathorn, 1974 (Fig. 1) , similar to the method of Beaver & Wasserman (1968) . These histograms were initially sampled at 0.1 see intervals, smoothed using binomial coefficients and decimated retaining every fifth point as described by Jones, Crowell, Nakagawa & Kaptuniai (1971) ; this provided a final sampling interval of 0.5 sec for both TV and f. This procedure removes high frequency noise induced by the sampling, and minimizes aliasing of the lowfrequency side of the power spectrum (Blackman & Tukey, 1959 Frequency analysis. Auto-covariance functions are calculated by estimating the correlation between a time series and a replica thereof, the latter being displaced one interval (or lag) at a time in relation to the original; this demonstrates the interval over which data starts repeating itself. The Fourier transform of this function results in the power spectrum, which shows how variation in the data is distributed between different frequencies. Cross-covariances and crossspectra are similarly calculated between two different time series. Auto-and cross-covariances, and auto-and cross-spectra were calculated according to Bendat & Piersol (1966) , using computer programs derived mainly from BMD02T (Dixon, 1970) . A sampling rate of 0-5 sec and the use of 50 lags for auto-covariances enabled the frequency spectrum to be resolved at intervals of 0-02 Hz from 0.0 to 0 5 Hz without significant aliasing in the low-frequency region (Bendat & Piersol, 1966) .
Digital band-pose filter. The power spectra calculated on the time-sampled data often showed instabilities in successive sets of data within the same infant, particularly at zero and very low frequencies (Fig. 2 ). These are well described phenomena (e.g. Blackman & Tukey, 1959; Bendat & Piersol, 1966) ; power at zero frequency is usually due to the effect of the unknown mean, analogous to the d.c. component of an alternating voltage. Power at very low frequencies is due partly to a carry-over from power at zero frequency, and partly to long-term trends in the data. It is therefore necessary to pass such data through a digital band-pass filter in order to suppress both high-frequency noise, and the zero and low frequencies incapable of resolution (Blackman & Tukey, 1959) .
The problem was to choose the appropriate band-pass filter. This was done by dividing the longest traces into two consecutive portions, and calculating the cross-spectrum and coherence between them. This showed the frequencies which were common to the successive portions of data. Fig. 2 shows the results of this procedure in one infant, with a significant cross-spectral peak at 0-06 Hz. In six infants with long traces studied in this way, the cross-spectral peaks all lay between 0-06 and 0-16 Hz. A digital band-pass filter was therefore designed to pass all frequencies between 0-05 and 0-19 Hz, using a standard computer program BMDOIT (Dixon, 1970) which is based on Goodman (1960) . Cross-spectra between the original and filtered data showed excellent coherence (correlation), all values being above 0 95 within this frequency range.
All subsequent analyses were performed using filtered data for VT and f. In order to compare the power of the frequency spectrum in r.e.m. sleep with that in n.r.e.m. sleep, only the mean was subtracted from each filtered data point, thus allowing differences in amplitude of oscillations to be compared in the two sleep states. For examining other characteristics of the spectra, and for calculating cross-covariances between VT andf however, the filtered data were normalized by subtracting the mean and dividing each data point by the over-all standard deviation of the set of data (Bendat & Piersol, 1966) (Fig. 3) . These oscillations, within each sleep state, showed variation not only in the amplitude, but also in the peak-to-peak intervals between successive oscillations.
By analogy with terminology for an alternating voltage, the amplitude of the oscillations was expressed as the root-mean-square (r.m.s.) of the deviations from the mean. These values, together with the mean levels of VT and f upon which the oscillations were superimposed, are shown in Tables I and 2. Mean VT was lower in twenty-five of the infants during r.e.m. sleep than in n.r.e.m. sleep (Table 1 ). All the infants had higher r.m.s. values for the oscillations in VT during r.e.m. sleep, the over-all mean for the thirty infants being 2-9 cm3 as compared with 1-0 cm3 in n.r.e.m. sleep (paired t test, P < 0-001).
On the other hand, mean respiration rate was increased in all infants during r.e.m. sleep (Table 2) (P < 0'001), and the r.m.s. values of the oscillations around the means were increased from 1>9 min' in n.r.e.m. sleep to 8-4 min-during r.e.m. sleep (P < 0-001). Frequency analysis of VT and f. The auto-covariances and spectra for VT and f, together with their cross-covariances and cross-spectra, were calculated for all infants in both sleep states: Fig. 4 shows a typical result. The auto-covariances in this infant show changes in VT andf with a period of about 9 sec; the corresponding spectra show peaks at 0-100-12 Hz. The cross-covariances are negative at zero lag. All thirty infants showed a higher amplitude in the spectra for both VT andf during r.e.m. than n.r.e.m. sleep (Fig. 5 ). It will be noted that the peak frequency for r.e.m. sleep appears to be somewhat lower than during n.r.e.m. sleep. In order to investigate this possibility, the mean frequency of the oscillations in VT andf for both sleep states was found for each infant by calculating that frequency which divided the spectrum into two equal areas. The results are shown in Tables 1 and 2 The cross-covariances between VT andf during n.r.e.m. sleep were strikingly similar in all thirty infants (Fig. 6) , nearly all of them showing an out-of-phase relationship. During r.e.m. sleep, however, although the cross-covariances as a whole were negative, there were considerable differences between individual babies (Fig. 6) . 1'4 1'3 1.3 2'4 1'2 2'6 2'3 3'1 0'9 1'3 2'8 1'9 3'2 1'6 2'2 1'1 1.1 1.9 1'3 1'3 1'6 2'9 2'5 1'3 1'3 1X4 3'6 3. Other finding. Six infants showed a large second peak in both the spectra at approximately double the fundamental frequency (e.g. Fig. 7 M. K. S. HATHORN quencies of the oscillations in VT and f; in these cases the coherence between VT and f tended to be poor.
An additional infant studied during n.r.e.m. sleep and also while lying quietly awake, showed no significant difference in the frequency of oscillations in these two states. Periodic breathing. The six premature infants studied during periodic breathing all showed well defined peaks in the spectra for VT and f (Fig. 8) . They all differed from the thirty term infants in n.r.e.m. sleep by showing positive cross-covariances between VT and f (Fig. 9) . become unstable (Bendat & Piersol, 1966) . For this reason, the number of lags chosen was 50, representing between 7 and 21 % of the data points available in the different infants. The band-pass filter used (0-05--019 Hz) effectively limited the period of the oscillations in VT and f which could be detected to a maximum of 20 sec. There is thus no information about the possibility of longer-term oscillations in ventilation such as those described by Goodman (1964) in adults. The filter chosen nevertheless covers a fairly wide frequency range; within this range, considerable differences in mean frequency for oscillations in VT andf were found in the different infants studied, confirming that the filter selected did not impose any uniformity of results in the babies (Tables 1 and 2 ).
The frequency spectrum only provides information about the average amplitude and frequency distribution of the data, and not how these may vary with time. Inspection of the filtered data (Fig. 3) shows that successive oscillations in both VT and f vary not only in amplitude but also in their peak-to-peak intervals. For and dogs followed inspirations with a delay equal to the circulation time, and considered that fluctuations in PA, COs were the most likely source.
As Tenney (1963) The 'transport-lag' of the feed-back loop, i.e. the lung-chemoreceptor circulation time, may itself be a time dependent quantity altering with fluctuations in heart rate (sinus arrhythmia) and hence the velocity of blood flow; this could account for the variations in cycle length of the oscillations in VT and f.
Comparison of sleep states. During r.e.m. sleep, mean f was higher than during n.r.e.m. sleep in all thirty infants. Mean VT, on the other hand, was somewhat lower during r.e.m. than n.r.e.m. sleep in twenty-five of the thirty infants. This conforms with previous findings (Bolton & Herman, 1974; Hathorn, 1974) . The main finding in the present study was the consistently larger amplitude in the oscillations in VT and f during r.e.m. sleep, accounting for much of the increased variability of ventilation in this sleep state. There are a number of possible explanations for these differences in amplitude.
Reviewing physiological mechanisms underlying Cheyne-Stokes respiration, Cherniack & Longobardo (1973) pointed out that in feed-back control systems, oscillations are common and may be caused by (a) time delay in the transfer of information, e.g. PAco, and PAO2, from alveolar gas to chemoreceptors; (b) 'underdamping' of the respiratory controller to fluctuations in blood gases; or (c) increased sensitivity of the respiratory controller to changes in blood gases.
All of these factors may be playing a part in the control of ventilation in the new-born infant. The different amplitudes of oscillations would imply a change in supramedullary influences on the respiratory centre with change in sleep state, as suggested by Phillipson, Murphy & Kozar (1976) in their studies on respiratory control in sleeping dogs.
A finding which supports the concept of a central origin for the respiratory differences between r.e.m. and n.r.e.m. sleep is that of Finkel (1972) . He found that while abdominal breathing in the new-born infant is active in both sleep states, there
